Abstract: The present work encompasses the effect of overaging on the strain-controlled low-cycle fatigue (LCF) behavior of an extruded AA6061 aluminum alloy at varying strain amplitudes. During the T7 aging treatment, the size of precipitates increased from 60 nm under T6 conditions to 220 nm after aging for 48 h at 200 • C, leading to a decrease in the monotonic tensile strength. During the LCF tests, nearly symmetrical hysteresis loops can be observed in the mid-life cycle under all test conditions, whereas the first-cycle hysteresis loops were moderately inflected under long-aging conditions. With increasing aging time, the cyclic peak stresses decreased and the plastic strain increased. Nearly ideal Masing behavior was exhibited under T6 conditions, while it was lost under T7 overaging conditions. The cyclic stress responses were similar under all tested conditions, involving stabilization at low strain amplitudes and softening at high strain amplitudes, with initial hardening for the first few cycles. Compared to the T6 condition, the fatigue life increased with increasing T7 aging time. Various LCF parameters were estimated based on the Coffin-Manson and Basquin relationships and on the LCF experimental results. The relationship between the fatigue life, strength, and microstructure of the investigated AA6061 aluminum alloy under various aging conditions was discussed.
Introduction
The 6xxx-series aluminum alloys are extensively used in the aerospace and automotive industries, owing to their ideal mechanical properties, good corrosion resistance, as well as good formability and weldability [1] [2] [3] [4] . There is considerable industrial interest in these alloys, as two thirds of all extruded products are made of aluminum, and 90% of these are made of the 6xxx-series alloys [4] . AA6061 alloys are one of the most widely used precipitation-hardening aluminum alloys in the 6xxx series [2, 3, 5] . Structural components of AA6061 alloys used in engineering services would require the evaluation of their mechanical performance under cyclic loads, because these components would unavoidably experience dynamic loading in service, which leads to the occurrence of fatigue failure [2, 6, 7] . Thus, to ensure the structural integrity and durability of such engineering components, it is essential to understand the fatigue and cyclic deformation behavior of AA6061 aluminum alloys.
Several studies were conducted to understand the fatigue behavior of aluminum alloys over the years, especially on age-hardening aluminum alloys, such as the 2xxx and 7xxx alloys [1, 2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Haji [6] analyzed the influence of the microstructure and alloy compositions in AA2024-T6 and AA7020-T6 aluminum alloys on their cyclic deformation behavior, and found that the degree of compatibility and precipitation of Zn and Cu on their parent metal led to higher fatigue properties in the AA7020-T6 alloy than in the AA2024-T6 alloy. Lapovok et al. [12] studied the fatigue behavior of 2124 aluminum alloys, processed by equal channel angular extrusion, and reported that the low-cycle fatigue (LCF) life was improved owing to the grain refinement. However, the existing systematic studies on the LCF behaviors of 6xxx alloys are limited [1, 2, 9, 13] . Wong et al. [9] conducted cyclic strain-controlled fatigue tests on an extruded 6061-T6 alloy, and Brammer et al. [1] conducted fatigue tests on an extruded 6061-T6 alloy at a fixed 5-Hz frequency at different strain amplitudes. In both cases, the tests were performed up to the maximum 0.6% strain amplitude, which was not sufficient to fully reveal the LCF behavior of the AA6061 alloys. LCF studies related to high strain amplitudes (0.8-1.2%) and performed at different frequencies for different strain amplitudes remain to be reported in AA6061 alloys.
Heat treatment and especially aging treatment are of great significance for precipitation-hardening aluminum alloys. However, only limited research is found to investigate the influence of various heat treatments on LCF behavior, especially for 6xxx aluminum alloys. Adnan et al. [2] investigated the LCF behavior of an AA6061 aluminum alloy in three heat-treatment conditions (annealing (O), T4, and T651). It was found that the 6061-O alloy had the highest value of transition fatigue life, owing to high ductility, but little explanation on the relationship between the LCF behavior and precipitates was given. Nandy et al. [17] studied the LCF performance of an AA6063 alloy subjected to under-aged, peak-aged, and overaged conditions. It was revealed that the cyclic hardening and softening properties were quite different under the three aging conditions. The structural components of AA6061 alloys are mostly used at the peak-aged (T6) and overaged (T7) conditions. Owing to the change in precipitate characteristics (mainly the number density, size, and volume fraction), the T6-and T7-treated alloys exhibit different combinations of strength and ductility, which are expected to have a significant effect on the LCF behavior, and consequently, on the loadbearing capability and endurance of a structural component. It is, therefore, of great technical interest to investigate the cyclic stress-strain behavior, including the cyclic stress and strain response, hysteresis loops, and fatigue life of AA6061 alloys during various aging treatments. Such information on cyclic strain-controlled behavior is essential because of the potential use of the alloy in fatigue-critical and temperature-sensitive applications [2] .
In the presented work, overaging treatments were performed on an extruded AA6061 aluminum alloy to investigate the effect of various degrees of overaging on LCF behavior at various strain amplitudes. The LCF behaviors under various overaging conditions were systematically analyzed using hysteresis loops, cyclic stress-strain responses, and multiple fatigue parameters, and compared to the properties under peak-aging conditions. The relationship between the precipitation, mechanical properties, and LCF performance of an AA6061 aluminum alloy was discussed.
Materials and Experimental Procedure
The material under investigation was an extruded AA6061 aluminum alloy with a chemical composition as given in Table 1 . The material was received under T6 conditions as cylindrical rods. The T6 temper designation indicates that this material was solution-treated, and was then artificially aged at 180 • C for 8 h to peak conditions. The rods were further aged at 200 • C for 5, 24, and 48 h to reach different degrees of overaging. The four aging conditions applied in the presented work are hereafter named as "T6", "T7-5", "T7-24", and "T7-48" in the text, respectively. Sub-sized tensile and fatigue samples were machined with the loading axis parallel to the extrusion direction. The dimensions of samples for the tensile and LCF tests are shown in Figure 1 . Prior to testing, the gauge sections of the tensile and fatigue specimens were progressively ground along the loading direction with emery papers up to a grit number of 600 to remove residual stresses and any machining marks. Tensile tests were performed in accordance with the ASTM E8 standard in an Instron 8801 servo-hydraulic testing system (Instron, Norwood, MA, USA) at a strain rate of 1 × 10 −3 s −1 at room temperature. Strain-controlled (total strain) "pull/push"-type fatigue tests, in accordance with the ASTM: E606 standard, were conducted in air at room temperature with a 25-mm extensometer using a fully computerized Instron 8801 servo-hydraulic testing system operated with the Bluehill LCF3 software (Version 3, Instron, Norwood, MA, USA). The cyclic-deformation test conditions consisted of a zero-mean strain (i.e., a strain ratio of R ε = −1, completely reversed strain cycle) and a constant strain rate of 1 × 10 −2 s −1 with a triangular loading waveform. As preferred in the ASTM: E606 standard for continuous cyclic tests, and generally for strain-rate-sensitive materials, a triangular waveform results in a constant strain rate during the course of one cycle. The cyclic frequency was varied depending on the strain amplitude to maintain a fixed strain rate. The cyclic frequency was calculated using the triangular waveform, and it was varied depending on the strain amplitude to maintain a fixed strain rate. LCF tests were performed at different strain amplitudes ranging from 0.2% to 1.2%. At least two samples were tested at each level of the strain amplitude to confirm the results. At low strain amplitudes (e.g., 0.2%), strain-controlled tests were sustained for 10,000 cycles before being converted to load control, with a sine cyclic waveform at a frequency of 50 Hz. The fatigue life was considered as the number of cycles required to completely separate the samples. in an Instron 8801 servo-hydraulic testing system (Instron, Norwood, MA, USA) at a strain rate of 1 × 10 −3 s −1 at room temperature. Strain-controlled (total strain) "pull/push"-type fatigue tests, in accordance with the ASTM: E606 standard, were conducted in air at room temperature with a 25-mm extensometer using a fully computerized Instron 8801 servo-hydraulic testing system operated with the Bluehill LCF3 software (Version 3, Instron, Norwood, MA, USA). The cyclic-deformation test conditions consisted of a zero-mean strain (i.e., a strain ratio of Rε = −1, completely reversed strain cycle) and a constant strain rate of 1 × 10 −2 s −1 with a triangular loading waveform. As preferred in the ASTM: E606 standard for continuous cyclic tests, and generally for strain-rate-sensitive materials, a triangular waveform results in a constant strain rate during the course of one cycle. The cyclic frequency was varied depending on the strain amplitude to maintain a fixed strain rate. The cyclic frequency was calculated using the triangular waveform, and it was varied depending on the strain amplitude to maintain a fixed strain rate. LCF tests were performed at different strain amplitudes ranging from 0.2% to 1.2%. At least two samples were tested at each level of the strain amplitude to confirm the results. At low strain amplitudes (e.g., 0.2%), strain-controlled tests were sustained for 10,000 cycles before being converted to load control, with a sine cyclic waveform at a frequency of 50 Hz. The fatigue life was considered as the number of cycles required to completely separate the samples. The evolution of the microstructure, particularly the intermetallics and grains, were characterized using optical microscopy and scanning electron microscopy (SEM, JSM-6480 LV, JEOL, Tokyo, Japan). Transmission electron microscopy (TEM, JEM-2100, JEOL, Tokyo, Japan) was applied with an operating voltage of 200 kV to observe the Mg2Si precipitates under various aging conditions. The TEM samples were prepared by twin-jet electropolishing. After the LCF tests, the fracture surfaces of samples were examined with SEM, with the aim of identifying the various features involved in the fatigue initiation and propagation mechanisms. Figure 2 shows the typical optical micrographs of the investigated 6061 alloy under T6 and T7-48 conditions. Generally, two types of particles can be found in all four aging conditions: the gray Al-Fe-Si intermetallics and the black undissolved Mg2Si particles, both of which are fine due to the extrusion process [18] . No obvious change can be observed in the size and the volume fraction of the two intermetallic particles, as aging at 200 °C could not cause any remarkable changes in these intermetallic particles [19] .
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Microstructure Evolution During Aging Treatment
To reveal the grain size and structure, electron back-scattered diffraction (EBSD) mapping was performed for all four aged samples. The EBSD results show that the extruded materials were all fully recrystallized with equiaxed grains, and no difference could be found under the four aging conditions. As an example, the EBSD mapping images of T6 and T7-48 are shown in Figure 3 . It can be observed that the equiaxed grains are all over the sample section in both aging conditions, with a similar grain size in the range of 60-100 µm. fully recrystallized with equiaxed grains, and no difference could be found under the four aging conditions. As an example, the EBSD mapping images of T6 and T7-48 are shown in Figure 3 . It can be observed that the equiaxed grains are all over the sample section in both aging conditions, with a similar grain size in the range of 60-100 μm. Figure 4 shows bright-field TEM images of the precipitates in the aluminum matrix for the four aging conditions. As shown in Figure 4a , the precipitates were very fine with an average length of 60 nm under T6 conditions. The precipitates under T7-5 conditions were similar to those under T6 conditions in terms of their morphology, but the average length increased to 85 nm (Figure 4b ). However, as the aging time at 200 °C increased to 24 h and 48 h, a remarkable increase in the precipitate size can be found in comparison to that under T6 conditions (Figure 4c,d ). For instance, the average length of the precipitates reached 220 nm after 48 h at 200 °C (T7-48, Figure 4d ). In addition, the number density (volume fraction) of precipitates with longer aging times was much lower than that under T6 conditions. The precipitation microstructure during aging for 6061 alloys (Mg2Si precipitates) is well known in the literature [3, [19] [20] [21] . Comparing the morphology and length of the precipitates ( Figure 4 ) to those in the literature, the dominant precipitates under the T6 and T7-5 conditions were most likely the semi-coherent β"-Mg2Si, which is reported to be still shearable [17] , while the major precipitates under the T7-24 and T7-48 conditions were β′-Mg2Si, which is non-coherent and non-shearable [21] . fully recrystallized with equiaxed grains, and no difference could be found under the four aging conditions. As an example, the EBSD mapping images of T6 and T7-48 are shown in Figure 3 . It can be observed that the equiaxed grains are all over the sample section in both aging conditions, with a similar grain size in the range of 60-100 μm. Figure 4 shows bright-field TEM images of the precipitates in the aluminum matrix for the four aging conditions. As shown in Figure 4a , the precipitates were very fine with an average length of 60 nm under T6 conditions. The precipitates under T7-5 conditions were similar to those under T6 conditions in terms of their morphology, but the average length increased to 85 nm ( Figure 4b ). However, as the aging time at 200 °C increased to 24 h and 48 h, a remarkable increase in the precipitate size can be found in comparison to that under T6 conditions (Figure 4c,d ). For instance, the average length of the precipitates reached 220 nm after 48 h at 200 °C (T7-48, Figure 4d ). In addition, the number density (volume fraction) of precipitates with longer aging times was much lower than that under T6 conditions. The precipitation microstructure during aging for 6061 alloys (Mg2Si precipitates) is well known in the literature [3, [19] [20] [21] . Comparing the morphology and length of the precipitates ( Figure 4 ) to those in the literature, the dominant precipitates under the T6 and T7-5 conditions were most likely the semi-coherent β"-Mg2Si, which is reported to be still shearable [17] , while the major precipitates under the T7-24 and T7-48 conditions were β′-Mg2Si, which is non-coherent and non-shearable [21] . Figure 4 shows bright-field TEM images of the precipitates in the aluminum matrix for the four aging conditions. As shown in Figure 4a , the precipitates were very fine with an average length of 60 nm under T6 conditions. The precipitates under T7-5 conditions were similar to those under T6 conditions in terms of their morphology, but the average length increased to 85 nm ( Figure 4b ). However, as the aging time at 200 • C increased to 24 h and 48 h, a remarkable increase in the precipitate size can be found in comparison to that under T6 conditions (Figure 4c,d ). For instance, the average length of the precipitates reached 220 nm after 48 h at 200 • C (T7-48, Figure 4d ). In addition, the number density (volume fraction) of precipitates with longer aging times was much lower than that under T6 conditions. The precipitation microstructure during aging for 6061 alloys (Mg 2 Si precipitates) is well known in the literature [3, [19] [20] [21] . Comparing the morphology and length of the precipitates ( Figure 4 ) to those in the literature, the dominant precipitates under the T6 and T7-5 conditions were most likely the semi-coherent β"-Mg 2 Si, which is reported to be still shearable [17] , while the major precipitates under the T7-24 and T7-48 conditions were β -Mg 2 Si, which is non-coherent and non-shearable [21] . 
Monotonic Tensile Properties under Various Aging Conditions
Typical tensile properties of the investigated 6061 alloy obtained under various aging conditions are listed in Table 2 . As seen from Table 2 , both the yield strength (YS) and ultimate tensile strengths (UTS) decreased, whereas the elongation increased, with increasing aging time. Only small changes in the strength were observed between the T6 and T7-5 conditions, and between the T7-24 and T7-48 conditions. However, a large difference in strength occurred between these two groups. For instance, YS only decreased by 11 MPa between T6 (286 MPa) and T7-5 (275 MPa), but YS dropped by 67 MPa from T7-5 (275 MPa) to T7-24 (208 MPa). The evolution of the mechanical properties was highly related to the precipitates under various aging conditions. As shown in Figure 4 , the size of precipitates increased and the number density of precipitates decreased with aging time, leading to decreasing strength according to the Orowan strengthening mechanism [22] . Corresponding to the strength change, it can be observed that the precipitate sizes were similar between T6 and T7-5 (in the range of 60-90 nm), and between T7-24 and T7-48 (in the range of 200-220 nm). However, the morphology and type of the precipitates in these two groups changed significantly, whereby β"-Mg2Si precipitates of fine size were dominant in T6 and T7-5, while β'-Mg2Si precipitates of coarse size were prevalent in T7-24 and T7-48, which explains the sharp drop in strength from T6 to T7-24 and T7-48. 
Typical tensile properties of the investigated 6061 alloy obtained under various aging conditions are listed in Table 2 . As seen from Table 2 , both the yield strength (YS) and ultimate tensile strengths (UTS) decreased, whereas the elongation increased, with increasing aging time. Only small changes in the strength were observed between the T6 and T7-5 conditions, and between the T7-24 and T7-48 conditions. However, a large difference in strength occurred between these two groups. For instance, YS only decreased by 11 MPa between T6 (286 MPa) and T7-5 (275 MPa), but YS dropped by 67 MPa from T7-5 (275 MPa) to T7-24 (208 MPa). The evolution of the mechanical properties was highly related to the precipitates under various aging conditions. As shown in Figure 4 , the size of precipitates increased and the number density of precipitates decreased with aging time, leading to decreasing strength according to the Orowan strengthening mechanism [22] . Corresponding to the strength change, it can be observed that the precipitate sizes were similar between T6 and T7-5 (in the range of 60-90 nm), and between T7-24 and T7-48 (in the range of 200-220 nm). However, the morphology and type of the precipitates in these two groups changed significantly, whereby β"-Mg 2 Si precipitates of fine size were dominant in T6 and T7-5, while β -Mg 2 Si precipitates of coarse size were prevalent in T7-24 and T7-48, which explains the sharp drop in strength from T6 to T7-24 and T7-48. It is also interesting to note that the strain-hardening exponent (n) increased and the strength coefficient (K) decreased with increasing aging time. Similar results were reported for the AA6061-T6 alloy by Adnan et al. [2] , and for the AA2024-T6 and AA7020-T6 alloys by Haji [6] . It was reported that the strain-hardening exponent has a major influence on the forming operation, which controls the amount of uniform plastic strain in the material before strain localization or necking [23] . Therefore, with an increasing strain-hardening exponent, more plastic deformation occurs after the yield point, but before the necking; consequently, the ductility of materials is improved, exemplified by the elongation shown in Table 2 . On the other hand, the strength coefficient (K) represents the real stress when the real strain is 1, and it is greatly correlated to the treatment conditions of a material [24] . In the presented work, the real stress decreased owing to the coarsening of precipitates with increasing aging time and temperature, resulting in a decreasing K value. Compared to the mechanical properties under the same T6 conditions in the literature [2] , the experimental alloy had similar mechanical properties.
LCF Fatigue Behavior under Various Aging Conditions
Hysteresis Loops
In order to show the LCF behavior trends of the investigated 6061 alloy, the strain amplitudes of 0.4%, 0.8%, and 1.2% were selected to represent the LCF results at low, middle, and high strain amplitudes. The hysteresis loops of the first cycle and the mid-life stable cycle under various aging conditions are illustrated in Figure 5 . Nearly symmetrical hysteresis loops could be observed under all aging conditions at all strain amplitudes, which were similar to those of face-centered cubic (FCC) metals (e.g., Al, Cu, and Ni) as a result of the dislocation-slip-dominated deformation in most materials [25] .
However, despite the similarity, there were differences under various aging conditions. Firstly, the shape of loops with longer aging time at T7 became inflected, especially at higher strain amplitudes. As indicated by the arrows in Figure 5a ,c,e, the loops were noticeably flattened after T7-48, which was also reported in the work of Hidayetoglu et al. [8] . The inflection was only present during the first few cycles, and disappeared gradually as cycling proceeded. As shown in Figure 5b ,d,f, no obvious inflection could be observed during the mid-life cycle. The inflection for the first few cycles with longer aging time can be attributed to the different precipitates formed during the aging treatment [8] .
For the T6 and T7-5 conditions, as shown in Figure 4 , the precipitates could be sheared [17] during the "to-and-fro" motion of dislocations during LCF, leading to the "normal" hysteresis loop without inflection. Nevertheless, the precipitates were non-shearable under the T7-24 and T7-48 conditions. These non-shearable precipitates pinned the movement of dislocations by forming a dislocation loop, resulting in a population of mobile dislocations around each precipitate when the forward stress was first applied. These dislocation loops can provide a limited amount of strain in the reverse direction at relatively low stress. Only when they are exhausted will the reverse stress increase to a value approaching that of the forward stress in order to continue reverse straining, thereby causing the inflection in the first few cycles. With increasing cycles, the contribution of dislocation loops diminishes, and then, the inflection disappears [8] . Secondly, the maximum/minimum peak stresses decreased with increasing T7 aging time at all strain amplitudes. In the first cycle, the maximum/minimum peak stresses were similar between T6 and T7-5 to those between the T7-24 and T7-48 conditions, but they decreased from T6/T7-5 to T7-24/T7-48, which was similar to the evolution of the monotonic mechanical properties (Table 2 ). In the mid-life cycle, the difference in peak stresses between each aging condition became larger, indicating the varying cyclic stress and strain response under various aging conditions. Table 3 lists the differences in peak stresses and plastic strain between T6 and various T7 conditions during the first and mid-life cycles. It was also noted that the plastic strain generally increased with increasing Secondly, the maximum/minimum peak stresses decreased with increasing T7 aging time at all strain amplitudes. In the first cycle, the maximum/minimum peak stresses were similar between T6 and T7-5 to those between the T7-24 and T7-48 conditions, but they decreased from T6/T7-5 to T7-24/T7-48, which was similar to the evolution of the monotonic mechanical properties (Table 2 ). In the mid-life cycle, the difference in peak stresses between each aging condition became larger, indicating the varying cyclic stress and strain response under various aging conditions. Table 3 lists the differences in peak stresses and plastic strain between T6 and various T7 conditions during the first and mid-life cycles. It was also noted that the plastic strain generally increased with increasing aging time. Taking the strain amplitude of 0.8% as an example, as shown in Table 3 , the difference in maximum peak stress between T6 and T7-5 was 14 MPa, but it increased between T6 and T7-24 (43 MPa) during the first cycle. During the mid-life cycle, the differences became even larger, e.g., it was 19 MPa between T6 and T7-5, and 53 MPa between T6 and T7-24. For the changes in plastic strain relative to T6, it increased from 0.08 at T7-5 to 0.10 at T7-24, and further increased to 0.13 at T7-48 during the first cycle, whereas it increased from 0.05 to 0.07, and further to 0.11 during the mid-life cycle. The decrease in cyclic stresses with increasing T7 aging time can be attributed to the transformation of precipitates, as shown in Figure 4 , whereas the changes with cycles, such as the differences in peak stresses and plastic strain during the first cycle and mid-life cycle were probably due to their different cyclic responses. Figure 6 presents the stable stress-strain hysteresis loops in the mid-life cycle at various strain amplitudes, plotted in relative coordinates corresponding to a translation of the loop ascending branches in such a way that their tips coincided at the positions of the load reversal in compression. T6 and T7-48 were selected to represent the two extreme conditions. The difference between the two conditions is obvious in terms of Masing behavior. Masing behavior is defined by comparing the shapes of hysteresis loops with the cyclic stress-strain curves drawn in the mode mentioned above. If the shape of the loop matches with the cyclic stress-strain curve, Masing behavior is considered to apply [26] . As shown in Figure 6a , the ascending branches of the loops obtained for T6 were almost coincident, exhibiting nearly ideal Masing behavior [27] . On the contrary, the alloy under T7-48 conditions clearly deviated from Masing behavior (Figure 6b) , in which the curves were separated with increasing total strain amplitude, especially in the positions indicated with a blue circle. aging time. Taking the strain amplitude of 0.8% as an example, as shown in Table 3 , the difference in maximum peak stress between T6 and T7-5 was 14 MPa, but it increased between T6 and T7-24 (43 MPa) during the first cycle. During the mid-life cycle, the differences became even larger, e.g., it was 19 MPa between T6 and T7-5, and 53 MPa between T6 and T7-24. For the changes in plastic strain relative to T6, it increased from 0.08 at T7-5 to 0.10 at T7-24, and further increased to 0.13 at T7-48 during the first cycle, whereas it increased from 0.05 to 0.07, and further to 0.11 during the mid-life cycle. The decrease in cyclic stresses with increasing T7 aging time can be attributed to the transformation of precipitates, as shown in Figure 4 , whereas the changes with cycles, such as the differences in peak stresses and plastic strain during the first cycle and mid-life cycle were probably due to their different cyclic responses. Figure 6 presents the stable stress-strain hysteresis loops in the mid-life cycle at various strain amplitudes, plotted in relative coordinates corresponding to a translation of the loop ascending branches in such a way that their tips coincided at the positions of the load reversal in compression. T6 and T7-48 were selected to represent the two extreme conditions. The difference between the two conditions is obvious in terms of Masing behavior. Masing behavior is defined by comparing the shapes of hysteresis loops with the cyclic stress-strain curves drawn in the mode mentioned above. If the shape of the loop matches with the cyclic stress-strain curve, Masing behavior is considered to apply [26] . As shown in Figure 6a , the ascending branches of the loops obtained for T6 were almost coincident, exhibiting nearly ideal Masing behavior [27] . On the contrary, the alloy under T7-48 conditions clearly deviated from Masing behavior (Figure 6b) , in which the curves were separated with increasing total strain amplitude, especially in the positions indicated with a blue circle. Masing behavior is reported to be present if the dislocation-dislocation interaction plays a more important role than the dislocation-precipitate interaction during the plastic deformation of any multiphase material [27] . Therefore, it can be inferred that the interaction between dislocations was favored under T6 conditions, with Masing behavior owing to the shearable precipitates. However, the dislocation-precipitate interaction played a major role under T7-48 conditions, owing to the non-shearable precipitates after longer T7 aging times.
Cyclic Stress and Strain Responses
The evolution of stress amplitudes with respect to the number of cycles at various strain amplitudes (0.4%, 0.8%, and 1.2%) is shown in Figure 7 , under various aging conditions, with a semi-logarithmic scale along the X-axis. Masing behavior is reported to be present if the dislocation-dislocation interaction plays a more important role than the dislocation-precipitate interaction during the plastic deformation of any multiphase material [27] . Therefore, it can be inferred that the interaction between dislocations was favored under T6 conditions, with Masing behavior owing to the shearable precipitates. However, the dislocation-precipitate interaction played a major role under T7-48 conditions, owing to the non-shearable precipitates after longer T7 aging times.
The evolution of stress amplitudes with respect to the number of cycles at various strain amplitudes (0.4%, 0.8%, and 1.2%) is shown in Figure 7 , under various aging conditions, with a semi-logarithmic scale along the X-axis. It was observed from Figure 7 that the stress amplitude augmented, whereas the fatigue life decreased with increasing strain amplitude. It can be found that the stress amplitudes of T6 and T7-5 were always higher than those of T7-24 and T7-48 at all strain amplitudes tested. In addition, a similar cyclic response was observed for all aging conditions, although it was different at applied strain amplitudes. At the low strain amplitude of 0.4% (Figure 7a ), cyclic stabilization occurred under all aging conditions. At the middle strain amplitude of 0.8% (Figure 7b ), initial hardening can be observed during the first few cycles (~10), followed by stabilization from T6 to T7-48. When the higher strain amplitude was applied (1.2% in Figure 7c ), hardening appeared during the first few cycles, followed by softening until failure for all aging conditions. Because the hardening only happened during the first few cycles, the cyclic response for all aging conditions can be described as stabilization at lower stain amplitudes, and softening at higher strain amplitudes. However, minor differences can be found in the hardening or softening rates under various aging conditions. As shown in Figure 7c , the hardening rates in the first few cycles were higher, with lower softening rates in the following cycles under the T6/T7-5 conditions than under the T7-24/T7-48 conditions, It was observed from Figure 7 that the stress amplitude augmented, whereas the fatigue life decreased with increasing strain amplitude. It can be found that the stress amplitudes of T6 and T7-5 were always higher than those of T7-24 and T7-48 at all strain amplitudes tested. In addition, a similar cyclic response was observed for all aging conditions, although it was different at applied strain amplitudes. At the low strain amplitude of 0.4% (Figure 7a ), cyclic stabilization occurred under all aging conditions. At the middle strain amplitude of 0.8% (Figure 7b ), initial hardening can be observed during the first few cycles (~10), followed by stabilization from T6 to T7-48. When the higher strain amplitude was applied (1.2% in Figure 7c ), hardening appeared during the first few cycles, followed by softening until failure for all aging conditions. Because the hardening only happened during the first few cycles, the cyclic response for all aging conditions can be described as stabilization at lower stain amplitudes, and softening at higher strain amplitudes. However, minor differences can be found in the hardening or softening rates under various aging conditions. As shown in Figure 7c , the hardening rates in the first few cycles were higher, with lower softening rates in the following cycles under the T6/T7-5 conditions than under the T7-24/T7-48 conditions, which explains the increasing difference in stress and the decreasing difference in plastic strain between the first and mid-life cycles, as shown in Table 3 .
In the LCF tests, the plastic strain amplitude was considered as a physical quantity that resulted in several damaging processes, and it influenced the internal microstructure, which was closely related to the strain resistance, and eventually, the fatigue life [28] . The variation in plastic strain amplitude (∆ε p /2) during cyclic deformation at various strain amplitudes (0.4%, 0.8%, and 1.2%) under various aging conditions is shown in Figure 8 , which corresponded well with the change in stress amplitude during cyclic deformation, as shown in Figure 7 . As shown in Figure 8 , the plastic strain amplitude also increased with total strain amplitude. When the total strain amplitude was low (~0.4% in Figure 8a ), cyclic stabilization was observed. With increasing total strain amplitude (0.8% in Figure 8b , and 1.2% in Figure 8c ), plastic strain decreased with cycles.
It is well accepted that the cyclic hardening or softening during LCF tests is highly dependent on the ratio of σ UTS to σ YS , whereby cyclic hardening dominates when the ratio is higher than 1.4, and cyclic softening is expected to occur when the value is lower than 1.2 [29] . As shown in Table 2 , the values of the σ UTS -to-σ YS ratio for all four aging conditions were in the range of 1.1-1.2, and therefore, stabilization or softening was the dominant cyclic response for all aging conditions. The hardening during the first few cycles was probably due to the classical dislocation-dislocation interactions [30, 31] , whereas the twisting, dissolution, and slip penetration of precipitates were the principal reasons for the softening [32] . which explains the increasing difference in stress and the decreasing difference in plastic strain between the first and mid-life cycles, as shown in Table 3 .
In the LCF tests, the plastic strain amplitude was considered as a physical quantity that resulted in several damaging processes, and it influenced the internal microstructure, which was closely related to the strain resistance, and eventually, the fatigue life [28] . The variation in plastic strain amplitude
during cyclic deformation at various strain amplitudes (0.4%, 0.8%, and 1.2%) under various aging conditions is shown in Figure 8 , which corresponded well with the change in stress amplitude during cyclic deformation, as shown in Figure 7 . As shown in Figure 8 , the plastic strain amplitude also increased with total strain amplitude. When the total strain amplitude was low (~0.4% in Figure 8a ), cyclic stabilization was observed. With increasing total strain amplitude (0.8% in Figure 8b , and 1.2% in Figure 8c ), plastic strain decreased with cycles. It is well accepted that the cyclic hardening or softening during LCF tests is highly dependent on the ratio of σUTS to σYS, whereby cyclic hardening dominates when the ratio is higher than 1.4, and cyclic softening is expected to occur when the value is lower than 1.2 [29] . As shown in Table 2 , the values of the σUTS-to-σYS ratio for all four aging conditions were in the range of 1.1-1.2, and therefore, stabilization or softening was the dominant cyclic response for all aging conditions. The hardening during the first few cycles was probably due to the classical dislocation-dislocation interactions [30, 31] , whereas the twisting, dissolution, and slip penetration of precipitates were the principal reasons for the softening [32] . Figure 9 displays the total strain amplitude (∆ε t /2) as a function of the number of cycles to failure (N f , i.e., the fatigue life) for the investigated 6061 alloy under various aging conditions, in comparison with the data reported in the literature [1] . The run-out data points are marked by arrows pointing horizontally at or over 10 4 cycles. Overall, the investigated 6061 alloy showed a trend of increasing fatigue life with decreasing strain amplitude, and it also showed an improved fatigue life compared to the data reported in the literature [1] . In general, the fatigue life increased with increasing T7 aging time. It is apparent that the fatigue life under the T7-24/T7-48 conditions was longer than that for T6/T7-5. trend of increasing fatigue life with decreasing strain amplitude, and it also showed an improved fatigue life compared to the data reported in the literature [1] . In general, the fatigue life increased with increasing T7 aging time. It is apparent that the fatigue life under the T7-24/T7-48 conditions was longer than that for T6/T7-5. A similar trend was reported in the literature [33] , in which the fatigue life of the A356 alloy was greatly improved by prolonging the aging time, which is explained by the relationship between the fatigue life and yield strength. If the material has a low yield strength due to overaging, the stress concentration generated within the uneven area of the material is easily relaxed by the plastic deformation of the part; thus, the initiation of fatigue crack is delayed, and it survives for a longer period. The relationship between the maximum size of the plastic deformation zone surrounding the fatigue-crack tip and the yield strength of the material can be described as follows [33] 
Fatigue Life and Fatigue Fracture
where rp is the size of the plastic zone, tr max K is the transition-maximum applied stress-intensity factor, and σy is the yield strength. Based on Equation (1), the low yield strength can increase the size of the local plastic deformation zone, thereby promoting the crack closure induced by the high plasticity, and subsequently, increasing the crack growth resistance [33] . In addition, the larger plastic deformation zone can also increase the resistance of the intracellular matrix to dislocations, causing these dislocations to be unable to move close to the unit cell or grain boundary to interact with eutectic particles; therefore, it reduces the propagation rate of fatigue crack, and further improves the fatigue properties of the alloy. Comparing the T6/T7-5 to T7-24/T7-48 conditions for the investigated 6061 alloy, the lower yield strength with prolonged aging time was likely the main reason for the longer fatigue life. Figure 10 shows fracture surfaces of the investigated alloy under the T6 and T7-48 conditions at a total strain amplitude of 0.4% and 1.0%, including fatigue-crack initiation, propagation, and final fast-fracture regions (as indicated by dashed yellow and red lines). A similar trend was reported in the literature [33] , in which the fatigue life of the A356 alloy was greatly improved by prolonging the aging time, which is explained by the relationship between the fatigue life and yield strength. If the material has a low yield strength due to overaging, the stress concentration generated within the uneven area of the material is easily relaxed by the plastic deformation of the part; thus, the initiation of fatigue crack is delayed, and it survives for a longer period. The relationship between the maximum size of the plastic deformation zone surrounding the fatigue-crack tip and the yield strength of the material can be described as follows [33] :
where r p is the size of the plastic zone, K tr max is the transition-maximum applied stress-intensity factor, and σ y is the yield strength. Based on Equation (1), the low yield strength can increase the size of the local plastic deformation zone, thereby promoting the crack closure induced by the high plasticity, and subsequently, increasing the crack growth resistance [33] . In addition, the larger plastic deformation zone can also increase the resistance of the intracellular matrix to dislocations, causing these dislocations to be unable to move close to the unit cell or grain boundary to interact with eutectic particles; therefore, it reduces the propagation rate of fatigue crack, and further improves the fatigue properties of the alloy. Comparing the T6/T7-5 to T7-24/T7-48 conditions for the investigated 6061 alloy, the lower yield strength with prolonged aging time was likely the main reason for the longer fatigue life. Figure 10 shows fracture surfaces of the investigated alloy under the T6 and T7-48 conditions at a total strain amplitude of 0.4% and 1.0%, including fatigue-crack initiation, propagation, and final fast-fracture regions (as indicated by dashed yellow and red lines). It can be seen in Figure 10 that the fatigue crack initiated essentially from the specimen surface, caused by the near-surface defects, such as porosities and brittle particles [34] . The greatest differences between these two conditions (T6 and T7-48) were in the areas of the crack propagation. As shown in Figure 10b ,d, the area of the crack propagation under the T7-48 conditions was much larger than that under the T6 conditions (Figure 10a ,c) at both low (0.4%) and high (1.0%) strain amplitude, which was corroborated by the larger plastic deformation ( Figure 6 ) and longer fatigue life of the T7-48 sample (Figure 9 ) compared to the T6 sample. Fatigue striations on the fatigue fracture surface under both conditions were also observed, especially at lower stain amplitudes, such as 0.4%, as shown in Figure 10e ,f. The presence of fatigue-striation marks is characteristic of the crack-propagation regime in ductile materials [17] , such as the investigated 6061 aluminum alloys. It was observed that the spacing of fatigue striations in the T6 sample was somewhat larger than that in the T7-48 sample, indicating a faster crack-propagation rate. This explains the shorter fatigue life in the T6 sample, combined with a smaller propagation region.
Assessment of Fatigue Parameters
Based on the LCF results ( Figures 6 and 8) , the fatigue parameters were calculated to assess the fatigue life of the investigated 6061 aluminum alloy under various conditions. The total strain amplitude could be expressed as two parts: the plastic and elastic strain amplitudes, according to the Coffin-Manson and Basquin relationships [35] , i.e., It can be seen in Figure 10 that the fatigue crack initiated essentially from the specimen surface, caused by the near-surface defects, such as porosities and brittle particles [34] . The greatest differences between these two conditions (T6 and T7-48) were in the areas of the crack propagation. As shown in Figure 10b ,d, the area of the crack propagation under the T7-48 conditions was much larger than that under the T6 conditions (Figure 10a ,c) at both low (0.4%) and high (1.0%) strain amplitude, which was corroborated by the larger plastic deformation ( Figure 6 ) and longer fatigue life of the T7-48 sample ( Figure 9 ) compared to the T6 sample. Fatigue striations on the fatigue fracture surface under both conditions were also observed, especially at lower stain amplitudes, such as 0.4%, as shown in Figure 10e ,f. The presence of fatigue-striation marks is characteristic of the crack-propagation regime in ductile materials [17] , such as the investigated 6061 aluminum alloys. It was observed that the spacing of fatigue striations in the T6 sample was somewhat larger than that in the T7-48 sample, indicating a faster crack-propagation rate. This explains the shorter fatigue life in the T6 sample, combined with a smaller propagation region.
Based on the LCF results ( Figures 6 and 8) , the fatigue parameters were calculated to assess the fatigue life of the investigated 6061 aluminum alloy under various conditions. The total strain amplitude could be expressed as two parts: the plastic and elastic strain amplitudes, according to the Coffin-Manson and Basquin relationships [35] , i.e.,
where E is the Young's modulus (for the presented alloy, the average value obtained during fatigue testing was~68 GPa), N f is the fatigue life or the number of cycles to failure, σ' f is the fatigue strength coefficient, b is the fatigue strength exponent, ε' f is the fatigue ductility coefficient, and c is the fatigue ductility exponent. In addition, cyclic deformation behavior is normally considered to be related to the portion of plastic strain amplitude, and is independent of the elastic strain amplitude, which can be expressed by the following equation [36] :
where ∆σ 2 is the mid-life stress amplitude, ∆ε p 2 is the mid-life plastic strain amplitude, n' is the cyclic strain-hardening exponent, and K' is the cyclic strength coefficient. The estimated LCF parameters based on Equations (2) and (3), and on the LCF results are presented in Table 4 , and are compared with the data reported in the literature for extruded 6061-T6 alloys [1, 9] . To ensure that the cyclic stabilization, often called cyclic saturation, already occurred, the stress and strain values of the mid-life cycle were used for the calculations.
As shown in Table 4 , it can be seen that the estimated fatigue parameters were well within the range of other extruded 6061 alloys reported in the literature [1, 9] . The T6 alloy had the highest σ' f and b values, but the lowest ε' f and c values of all the examined conditions. This indicates that alloys with higher σ' f and b values have higher strength, whereas those with higher ε' f and c values have higher ductility [2] , which also coincides with the explanation for the longer plastic deformation for the T7 aged alloys ( Figure 5 ). It was observed that the value of the cyclic strain-hardening exponent, n', of the T6 alloy was lower than that of the alloys after T7 aging, such as T7-24 and T7-48. It was also reported in the work of Nandy et al. [17] that the cyclic strain-hardening exponent increased from under-aged to peak-aged conditions, and further increased to over-aged conditions. In addition, the values of n' in Table 4 during cyclic deformation were higher than its monotonic strain-hardening values n in Table 2 , which directly reflects a higher cyclic stress than monotonic tensile stress at the same strain for all conditions tested. Moreover, both the cyclic strength coefficient, K', and fatigue strength coefficient, σ' f , decreased with increasing T7 aging time, leading to the lowest stress amplitude ( Figure 5 and Table 3) in the T7-48 alloy. It is worth mentioning that the fatigue ductility coefficient, ε' f , was found to increase with increasing T7 aging time, indicating a higher plastic strain with longer aging time, and therefore, the longer fatigue life of the alloy under the T7-24 and T7-48 conditions compared to that under the T6 conditions. 
Conclusions
Strain-controlled low-cycle fatigue tests were conducted on an extruded AA6061 aluminum alloy at varying strain amplitudes to determine the effect of overaging on the cyclic deformation behavior. The following conclusions could be drawn:
(1) During the T7 aging treatment at 200 • C, no remarkable changes in the microstructure (Al-Fe-Si and Mg 2 Si intermetallics, and α-Al grain size) could be observed with increasing aging time. However, the size of precipitates increased from 60 nm under the T6 conditions to 220 nm after aging 48 h at 200 • C, leading to a decrease in the monotonic tensile strength. (2) The hysteresis loops of the first cycle after a long T7 aging time were moderately inflected compared to those under the T6 conditions, whereas nearly symmetrical loops were present during the mid-life cycle under all conditions tested. The peak stresses decreased and the plastic strain increased with increasing T7 aging time. Nearly ideal Masing behavior was exhibited under the T6 conditions, whereas it was lost under the overaging conditions. (3) Similar cyclic stress responses were found under all tested conditions: cyclic stabilization was present at low strain amplitudes (0.2-0.4%), whereas cyclic softening with initial hardening during the first few cycles occurred at middle-to-high strain amplitudes (0.6-1.2%). The softening rate increased gradually with increasing T7 aging time. (4) Compared to the T6 conditions, the fatigue life increased with increasing T7 aging time.
The estimated fatigue parameters indicated that the fatigue ductility coefficient increased and the fatigue strength coefficient decreased with increasing T7 aging time. Funding: This research received no external funding.
